The primary goal of this research was to determine optimum processing conditions to produce commercially acceptable melt blown (MB) thermoplastic polyurethane (TPU) nonwoven fabrics. The 20-inch wide Accurate Products MB pilot line at the Textiles and Nonwovens Development Center (TANDEC), The University of Tennessee, Knoxville, was utilized for this study. MB TPU webs having small fiber diameters were obtained from film-forming and highly elastic fiberforming TPUs and the webs were mechanically strong and durable to abrasion compared to MB PP. The basic MB process was found to be fundamentally valid for the MB TPU process; however, the MB process was more complicated for TPU than PP, because web structures and properties of MB TPUs are very sensitive to MB process conditions. Furthermore, different TPU polymers responded very differently to MB processing and exhibited different web structure and properties, although uniform elastic MB webs were produced with average fiber diameters as small as 5.0μm. Preliminary research leading to this study was funded the Army Research Office (ARO) and the findings were used by ARO towards the development of an elastic chemical protective liner with better overall comfort attributes and protection against chemical warfare agents.
INTRODUCTION

Background
Melt blowing is a one-step process and one of the most practical processes for producing microfiber nonwovens directly from thermoplastic polymers, in which hot/high velocity air blows the extruded filament from a die tip towards a moving conveyer belt or a cylinder. Melt blown (MB) nonwovens have an inherent advantage over spunbond (SB) nonwovens and other conventional fabrics made from melt or solution spun fibers in that MB fabrics typically have average fiber diameters ranging from 2-6μm compared to 12-50μm with SB webs and conventional textiles.
The concept of the MB process was first introduced in 1956 through a Naval Research Laboratory project initiated by Van A. Wente [1956] . MB technology was originally developed to produce filters composed of microfibers to collect radioactive particles from the atmosphere during the early years of the cold war. Since then there has been a renaissance of research, development and commercial production for addressing a variety of applications using MB fabrics in nonwoven products.
Zhao [2001] reported that only 20 US Patents were granted from 1950s to 1970s related to MB technologies and products, but the number of patents has remarkably increased to 64 and 236 during the 1980s and 1990s, respectively. The increased understanding and requirement for high technological enduses have accelerated MB research and development, resulting in an increasing number of applications, such as filtration, thermal insulators, battery separators, oil absorbents, hygiene products and composites for protective apparel.
The most important advantage of the MB process is that fundamentally all thermoplastic polymers can be processed by MB technology . Recently, elastomers including thermoplastic polyurethane (TPU) have been a focus of MB research because of their unique properties such as high elasticity in all directions, good shore hardness for a given modulus, high abrasion/chemical resistance, excellent mechanical/elastic properties, low stress relaxation, and resistance to long-term cyclic flex failure. Furthermore, TPUs have blood/tissue compatibility, structural versatility and hydrophilic compatibility [Hemphill, 2001] .
Many processing methods such as melt spinning, injection molding, coating, film blowing, melt blowing, and heat sealing work well with TPU materials. However, the consumption of TPU elastomers is still much less than conventional polyurethanes, which must be solvent-spun to produce fibers, because the melt spinning process of elastic fibers is more difficult than other polymers due to their tendency to snap back during attenuation of the spin-line [Wadsworth, 2002] . This is even more challenging with MB since the filaments are attenuated by aerodynamic forces, and the filaments may be discontinuous and are not positively held by a take-up spindle or nip while in flight to the collector. But the fact that TPUs still can be melt spun into fibers makes them much more versatile for replacing natural rubber thread, solvent-spun polyurethane, and other more conventional materials for use in biomedical devices, implants, medical applications, and protective clothing field [Wadsworth, 2002] . Furthermore, the products of MB TPU webs with average fiber diameters in the range of 2-6μm provide high filtration and barrier protection with the additional advantages such as good mechanical strength and stretchability.
This research has concentrated on determining optimum processing conditions to produce commercially acceptable MB TPU webs for protective apparel and durable elastic textiles based on preliminary MB work performed at The University of Tennessee in cooperation with the U. S. Army Natick Soldier Center and Noveon Inc. [Wadsworth, 2002] . The MB process has many processing parameters such as melt/die temperature, throughput, die geometry, air flow rate, air temperature, die-to-collector distance (DCD) and collector speed. The MB TPU process is even more complex in that high elongational viscosity, high shear viscosity and the narrow acceptable processing temperature ranges (to prevent strength loss and possible evolution of toxic gases) requires careful manipulation of melt and air temperature and air and polymer flow rates.
EXPERIMENTAL
This research was performed to optimize the MB TPU processing conditions of the 20-inch MB line through evaluation of the web barrier and strength properties. The 20-inch MB line at TANDEC was used with Estane 58245 (TPU 245 ) and Estane 58280 (TPU 280 ) for continuous and uniform webs having commercially acceptable mechanical properties. Both resins are polyether-based TPUs which were obtained from Noveon Inc. TPU 245 was designed to produce a monolithic breathable film to compete with microporous PTFE film; whereas TPU 280 was developed as a stronger fiber forming grade for producing elastomeric yarns to compete with spandex (Hemphill, 2001). The 20-inch horizontal spinning MB line, as depicted in Figure 1 , provides relatively accurate and precise control of die/air temperatures and polymer throughput because of a microprocessor controller and a positive displacement gear pump. The 20" MB die, which is a single row of spinneret holes drilled by electrical discharge machining (EDM), was inserted into a nose tip with an angle of 60 o angle, a linear hole density of 30 holes/inch and an average nozzle hole diameter of 0.368mm. The MB die was configured with [WADSWORTH, 2002] an air gap 0.762mm and setback of 0.762mm, as illustrated in Figure 2 .
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Figure 1 SCHEMATIC DIAGRAM OF THE 20-INCH ACCURATE MB PRODUCTS LINE
Experimental processing conditions are given in Table 1 Table 1 , the polymer throughput with the TPU 245 trials was very low at 0.14 g/hole/min in an effort to obtain small fiber diameters, and then was increased to 0.30 g/hole/min. The throughput rate of TPU 280 was 0.34 g/hole/min in Trials 2.1-2.5. The MB TPU fibers and webs were characterized for weight, thickness, tearing and tensile strength, air permeability and fiber diameter.
Results and Discussion
Uniform MB webs were produced from all TPU trials with TPU 245 and TPU 280 polymers. As shown in Table 2 , TPU 245 in Trials #1.1 through #1.5 resulted in basis weights of 45 to 88 g/m 2 with 5.0 to 13.0μm average fiber diameters, and TPU 280 in Trials #2.1 through #2.5 resulted in basis weights of 52 to 615 g/m 2 with average fiber diameters of 5.3 to 14.5μm. For both TPUs, the thickness increased with basis weight, and with TPU280 air permeability was decreased with basis weight; whereas, there was no clear trend between basis weight and air permeability of TPU245. Figure 3 shows the relationship betw een MB processing time and pressure after the pump for TPU 245 and TPU 280 . TPU 245 initially resulted in lower pressure after the gear pump as would be expected with a film-forming grade TPU as compared to the fiber-forming grade TPU 280 , even though the latter was processed at notably higher die and air temperatures. However, after 90 minutes, the pressure after the gear pump of the TPU 245 began to increase whereas the pressure with TPU 280 leveled off after having decreased from start-up to that time. When the die nosepiece was removed after melt blowing TPU 245 for 150 min., there was evidence of thermal degradation in the melt. This indicated that some degradation of TPU 245 was occurring with time; whereas, no apparent degradation of TPU 280 was observed. Nevertheless, the MB webs produced with both TPUs were very uniform and showed no sign of degradation. Furthermore, TPU 245 MB webs had the smoothest texture and softest hand. TPUs have very high viscosity compared to PP, and are more subject to thermal degradation when the processing temperatures are raised to reduce the melt viscosity for extrusion of filaments. Thus more optimization studies will be required to determine if degradation of TPU 245 can be minimized.
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On the other hand, Figure 4 shows the relationship between the volumetric air flow rate and fiber diameter of TPU 245 decreased with an increase of air flow rate with the same processing conditions for each polymer for the same DCD, collector speed, metering pump speed, extrusion rate and nearly the same die and air temperatures. The difference in the fiber diameters between two TPU polymers is primarily considered to result from different polymer processing temperatures. The fiber diameters of TPU 280 are smaller than film grade TPU 245 below 140 scfm air flow rate (4.00 m3/min), although TPU 280 has fiber grade rheological properties, but the fiber diameters of TPU 245 decreased more rapidly than TPU 280 with an increase of air flow rate. Figure 5 shows longitudinal photomicrographs obtained from optical microscopy (YS1-T Nikon) and scanning electron microscopy (SEM, Hitachi S-3500) of the TPU 245 and TPU 280 , respectively. Some individual MB TPU fibers from Trial #1.5 (TPU 245 ) and Trial #2.5 (TPU 280 ) were as small as ~2μm with volumetric air flow rate of 144 scfm (4.11 m3/min) and 150 scfm (4.29 m 3 /min), respectively. The web strength values of TPU 245 , under the same throughput, DCD, and collector speed, are given in Figure 6 (a). Tear and tensile strength increased first, and then decreased with basis weight. Figure 6(b) shows the web strength of TPU 280 ; tear strength shows the same tendency as TPU 245 , but tensile strength increased with increasing basis weight. The peak elongation of TPU 280 web was almost three times higher than elongation of TPU 245 web and the peak tensile force of MB TPU 280 web almost twice of TPU 245 web.
It should be noted that the tensile strength of the MB webs is largely decided by tensile strength of the fiber and is also affected by fiber entanglements and bonding in the MB webs; however, the tear strength of a MB web is mainly decided by fiber entanglements and the ability of the fibers to move and accumulate in the tearing area. The large decrease of tear strength for Trial #2.4 compared to #2.2, in spite of the increase of basis weight, could possibly be explained by fiber orientation and entanglements since air flow rate . The abrasion resistance of MB TPU fabrics was measured by a rotary platform table abrasion tester, which had two heads. 50, 100 and 200 revolutions of the rotating head were applied with 250g per wheel of load for each specimen. Then, those specimens were compared to non-cycled samples and to a 40 g/m 2 MB PP web. Figure 7 shows that the MB TPU 280 Trial #2.3 (52 g/m 2 ) and 40 g/m 2 of MB PP webs after applied revolutions of wheel, respectively. The 40 g/m 2 MB PP was a non-electrostatically charged air filtration-grade web with a median fiber diameter of 2-3 μm, which was obtained from Clean & Science Co., Ltd., Seoul. Korea. The MB sample had a smooth, uniform surface texture before abrasion testing. Apparently, the increase of revolutions caused a clear green circle mark and fragments to MB TPU 280 webs, but there was no development of TPU web breakage. Overall, MB TPU 280 webs exhibited substantially more abrasion resistance than similar PP MB webs.
The light weight webs of TPU 245 such as Trial #1.1 and #1.2 showed some fiber breakages at a higher number of revolutions around 200. However, the MB PP webs totally lost mechanical strength after 50 revolutions. Table 4 -3 shows the tensile properties of the MB TPU web after abrasion. Peak force and peak elongation decreased with increase of revolution of the wheels for all TPUs, but the rate of loss in breaking load was different depending on the type of TPUs. Figure 8 represents the rate of tensile strength loss of MB TPUs webs after abrasion. The tensile strength of MB TPU 245 webs decreased with increasing revolutions. MB TPU 245 webs lost notable tensile strength from 50 to 100 revolutions, and tensile strength loss was more gradual to the test cycle of 200 revolutions. The tensile strength of fiber-grade MB TPU 280 webs showed lower strength loss even after the high revolutions. Strength loss was higher for the light weight web and lower for heavy weight web. The loss of peak tensile force for the Trial #2.1 was less than 4% even after 200 revolutions. However, the other trials of MB TPU 280 webs showed relatively higher tensile strength loss than Trial #2.1, but those webs still contained more than 60% of tensile strength compared to the peak force before abrasion.
Conclusions
MB TPU webs having fiber diameters as low as 5ìm were obtained from TPU245 (film-grade) and TPU280 (fiber-grade) resins. The webs were mechanically strong and durable to abrasion compared to MB PP, and TPU245 MB webs had a smoother texture and softer hand than webs of TPU280. However, TPU280 webs generally had twice the peak load and elongation as did TPU245. Overall, the basic MB process was fundamentally valid for the TPUs; however, the MB TPU process was more complicated than MB PP, because web structures and properties of MB TPUs are very sensitive to process conditions, especially for the die/air temperature and DCD. Furthermore, the different TPU grades responded quite differently to MB processing and exhibited different web structure and properties.
Both TPU resins resulted in MB webs with high elasticity, high peak tensile strength, and very high peak elongation. Fiber diameter decreased with air flow rate. For both TPUs the thickness increased with basis weight, and with TPU280 air permeability was decreased with basis weight; whereas, there was no clear trend between basis weight and air permeability of TPU245. 
